The Kolbel-Engelhardt (K-E) synthesis to produce hydrocarbons from CO and H2O was investigated under the reaction conditions of 523-543K and 0.61-3.13 MPa, using supported ruthenium catalysts. The catalytic activity of ruthenium strongly depended on the type of catalyst support. The catalyst screening showed that Ru supported on TiO2 (anatase) and More enhanced activity of Ru was attained by use of a binary oxide of TiO2-SiO2 (90mole% TiO2). The Ru catalyst supported on the TiO2-SiO2 was less deactivated than the Al2O3-supported catalyst. The K-E synthesis on supported Ru catalysts appears to proceed via a sequential reaction pathway involving the water gas shift reaction and the Fischer-Tropsch synthesis. Increasing the reaction pressure slightly increased the conversion of CO and remarkably shifted the product distribution to higher molecular weight hydrocarbons.
Introduction
Hydrocarbon synthesis from carbon monoxide and hydrogen (F-T synthesis) usually requires a syngas having H2/CO ratios higher than 2. On the other hand, the syngas obtained from coal gasification is generally enriched in CO and the H2/CO ratio is unity or less. Consequently, the water gas shift reaction (WGSR) is needed to adjust the H2/CO ratio of the syngas from coal gasification when used in the F-T synthesis. Kolbel-Engelhardt (K-E) synthesis, which is hydrocarbon synthesis from carbon monoxide and steam, is an alternative way to produce hydrocarbons directly from the syngas of coal gasification. have been studied as catalysts active for the K-E synthesis as well as for the F-T synthesis. There are reported some recent works on the K-E synthesis using iron6), rhodium7) and ruthenium8) Reactions between CO and steam were studied using a down-flow microreactor (16mm inner diameter, 500mm length) made of stainless steel. Steam was supplied from a microfeeder to the reactor through a vaporizer to mix with CO in a 1:3 molar ratio. The catalyst (2.0g) was retained by quartz wool at the center of the reactor. The reaction temperature and pressure were varied in ranges of 523-543K and 0.61-3.13 MPa, respectively. The specific surface area of supports and chemisorptive uptake of H2 were measured using a BET adsorption apparatus. The former was measured at a liquid nitrogen temperature (77K). The latter was measured at ambient temperature (298K) after reduction of catalysts in H2 at 773K for 2hr and evacuation to 10-4 Pa at 773K for 6hr.
Measurements were made mainly on fresh catalysts. The atomic ratio of adsorbed hydrogen to bulk Ru (H/Ru) was determined by back-extrapolating an isotherm obtained in the pressure range between 1.3 and 9.3 kPa to zero pressure. Co. and other oxide supports were prepared in the following manner. V2O3: Prepared by reduction of V2O5 which was obtained by calcination of NH4VO3 in air at 773K for 3hr. TiO2 (rutile)10): Titanium hydroxide precipitated by adding TiCl4 to hot distilled water was dried overnight at 383K after Cl-ions were washed out completely with distilled water. TiO2 (anatase)10): Prepared in the same way as TiO2 (rutile) except that TiCl4 was slowly added to cold distilled water in an atmosphere of nitrogen, and ammonia was added to the solution until its pH became 7-8.
Binary oxides were prepared according to the method reported by Tanabe et al.11),12). SiO2-MoO3: A mixture of Si(OC2H5)4 and 10%
The solution was added to 2N HNO3 (pH=1.1) and heated at 343-353K for 16hr to facilitate gelation. The gel was dried overnight at 383K. SiO2-ZrO2: Prepared by incipient wetness impregnation of SiO2 with an aqueous solution of The carrier effect on the activity of Ru catalysts for the K-E synthesis was investigated using some single and binary oxides as supports. Table 1 summarizes typical results obtained under the following reaction conditions: temperature, 543K; total pressure, 1.11 MPa; molar CO/H2O
The selectivity to hydrocarbons was defined as the percent of CO converted to hydrocarbons in total CO conversion. The other product from CO was CO2 and no oxygenated organic compounds were formed under the conditions tested. Initially there was a large evolution of heat due to the exothermic nature of the reaction. A period of 40-60min was allowed to reach a uniform temperature of catalyst bed and then all these data were taken.
Unsupported Binary oxides based on TiO2 gave active catalysts; especially a combination of TiO2 and SiO2 was effective to enhance the activity and selectivity of Ru catalyst. Figure 1 shows the effect of the composition of TiO2-based supports on the activity of Ru catalyst, expressed by percent conversion of CO. The Ru catalyst supported on TiO2-SiO2 (90mole% TiO2) was most active.
Surface areas of TiO2-SiO2 supports and the amount of hydrogen uptaken by Ru supported on them are shown in Table 2 . The surface area of TiO2 support was increased markedly by the addition of a small amount of SiO2. However, it is rather difficult to correlate the activities of Ru catalysts to the surface areas of their supports. TiO2-SiO2 is known to show strong acidity, but the Bronsted acidity should increase with increasing SiO2 content.12) Thus, it is not reasonable to attribute the enhanced catalytic activity simply to the acidity of the support.
The average crystallite size calculated from H/ Ru=0.07 was 19nm for the Ru/TiO2-SiO2 (90 mole% TiO2), while it was not detected by XRD measurement. On the other hand, the XRD patshowed the presence of crystallites having an average size of 18nm commensurate with the crystallite size expected from H/Ru=0.07. Therefore, the average crystallite size calculated from hydrogen chemisorption was larger than the practical one over the Ru/TiO2-SiO2. This means that suppression of hydrogen chemisorption has been brought about over the Ru/TiO2-SiO2.
It seems that the reduced chemisorption of hydrogen is probably caused by a strong metal-support interaction (SMSI).
Selectivities of these catalysts for the formation of hydrocarbons were compared by plotting the percent CO converted to hydrocarbons vs. the total CO conversion, as in Fig. 2 . The dotted line shows a correlation for the K-E synthesis (3CO+ activities gave larger production of hydrocarbons, and the selectivity of hydrocarbon production was independent of the kind of supports. In Fig. 2 , the selectivity date for precipitated Fe catalysts9) are also shown. Selectivities of Ru catalysts are slightly greater than those of Fe catalysts.
Deactivation of these Ru catalysts was inevitable under the reaction conditions studied. Figure 3 shows the decrease in the CO conversion with time on stream for Ru/TiO2-SiO2 (90mole% TiO2) and reached a steady state after 5-6hr of reaction. Methane was formed when the deactivated catalyst was treated in a stream of H2 at 623K. This treatment regenerated the activity of the Ru/TiO2-SiO2 catalyst, whereas the activity of the aluminasupported catalyst was hardly restored. Although the precise reason for deactivation was not certain, sintering of Ru measured by hydrogen chemisorption was negligible.
Using the Ru/TiO2-SiO2 (90mole% TiO2) catalyst of a steady state activity, reactions between CO and H2O were investigated in detail. The effects of reaction pressure on CO conversion and product selectivities are given in Fig. 4 . Increasing pressure increased the CO conversion and enhanced the production of hydrocarbons. The distribution of hydrocarbon products are shown in Relations between W/F and conversions of CO and H2O in the K-E synthesis were investigated over Ru/TiO2-SiO2 (90mole% TiO2). When the initial CO/H2O ratio was 3, the H2O conversion was initially almost 3 times that of CO, being consistent with the conversion according to the 
